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Summary

Lod scores for linkage between familial breast and ovarian cancer and markers on chromosome 17q21 are

more frequently positive among families with disease diagnosed at younger ages than they are among

older-onset families, suggesting that linkage is restricted to early-onset disease. However, for late-onset cases,

the relative probability of sporadic rather than inherited disease is higher than previously suggested. If this
correction is made, then later-onset families are much less informative; linkage heterogeneity based on age

at onset is no longer significant; and for the sample of families as a whole, linkage is significant at a

recombination fraction since demonstrated to be close to the correct locale. There is probably more than one

gene for inherited breast cancer, but heterogeneity may not be due to age at disease onset.

Introduction

In some families, breast cancer susceptibility is inher-
ited as an autosomal dominant trait (Williams and
Anderson 1984; Newman et al. 1988; Claus et al.
1991; Iselius et al. 1991). However, because sporadic
(i.e., noninherited) breast cancer is common and the
disease allele rare, sporadic cases may appear in fami-
lies with inherited disease. Furthermore, inherited
breast cancer may be heterogeneous-i.e., due to mu-
tations at different loci in different families. Linkage
analysis can be a suitable approach for identifying
such loci by locating them on the genome.

Analysis of extended families with multiple cases of
breast cancer (and ovarian cancer in some families)
indicated linkage of breast and ovarian cancer to chro-
mosome 17q21 in some families (Hall et al. 1990;
Narod et al. 1991). For the first series of 23 families
analyzed, lod scores for linkage between disease and
the most polymorphic marker D17S74 were inversely
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correlated with the mean ages at breast cancer diagno-
sis (Hall et al. 1990). At recombination fraction (0)
.01, the cumulative lod score for the seven families in
which average age at diagnosis is <45 years was 5.98.
The cumulative lod score for the 14 families in which
average age at diagnosis is <52 years remained posi-
tive, but the cumulative lod score for all 23 families
combined was - 5.48 at close linkage to D17S74. Ho-
mogeneity could be rejected. The lod score adjusted
for heterogeneity was 3.28 at 0 = .014 from D17S74,
with disease linked to this locus in 40% of the families.
Failure to adjust for heterogeneity led to a lower maxi-
mum lod score (2.35) at a higher 0 (.20) from D17S74.
More recent evidence indicates that this breast and
ovarian cancer gene is located near D17S579, at about
0 = .16 proximal to D17S74 (Hall et al. 1992).
The 23 extended families described above were se-

lected for multiple cases of breast cancer in order to
maximize the likelihood that a disease gene was segre-
gating in each. However, because sporadic breast can-
cer is so frequent, even multiply affected families may
include one or more sporadic cases. Also, because risk
of sporadic breast cancer increases more rapidly with
age than does risk of inherited breast cancer, families
with older-onset disease are more likely to include spo-
radic cases. In this paper, we suggest that linkage het-

1231



Margaritte et al.

erogeneity dependent on age at onset may have been
an artifact of underestimating the relative probability
of sporadic disease among cases with late age at onset.

Methods

If A is the disease allele with frequency q, then
among affected individuals, genotypes AA and Aa rep-

resent inherited cases and genotype aa represents spo-

radic cases. The relative risk of being a sporadic case

is specified by the probabilities of genotypes AA, Aa,
or aa of pedigree members, given their phenotypes.
Phenotype information includes disease status, age at
diagnosis, and sex for affected relatives and sex and
current age for unaffected relatives. For an affected
individual, the probability of genotype y, given that
disease occurred in age interval x, is deduced from the
risk i(y,x) that an individual with genotype y devel-
oped the disease exactly in age interval x-i.e., the
density function. For an unaffected individual, the
probability of genotype y, given no disease by age x,

is deduced from the probability of remaining disease
free until x, given y-i.e., I - I(y,x) where I(y,x) is the
cumulative risk of disease up to age x, given genotype
y. The relative probability RX of sporadic versus inher-
ited disease for an affected individual of age x is com-
puted from the probabilities of each genotype that
are deduced from the cumulative incidence function
I(y,x):

RX= [(1-q)2I(y = aa,x)]/
[[q2 + 2q(1 - q)] I(y = AA or Aa,x)}.

The relative probability Rx of sporadic versus inherited
disease for an affected individual diagnosed at age x

is computed from the genotype probabilities deduced
from the incidence function i(yx):

Rx = [(1-q)2i(y = aa,x)]I
[[q2 + 2q(1- q)] i(y = AA or Aax)3.

Linkage analysis was carried out using the MLINK
program from LINKAGE (Lathrop et al. 1984), with
liability classes defined by incidence risks for affected
individuals and by cumulative risks for unaffected in-
dividuals. Homogeneity of linkage was evaluated by
the admixture test (Smith 1963) by using the program
HOMOG (Ott 1991), by the B-test (Risch 1988), and
by the "predivided sample test" (Morton 1956).

Results

For cumulative incidence I(y,x) and incidence i(y,x),
table 1 indicates the relative probabilities Rx and Rx
of sporadic versus inherited disease for a randomly
selected breast cancer patient. The relative probabili-
ties Rx reflect the previous analysis by Hall et al.
(1990), in which risks for unaffected individuals were
defined by I - I(y, x), as above, and in which risks for
affected individuals were also estimated from cumula-
tive risks I(y,x)-i.e., .37 by age 40 years, .66 by age

55 years, and .82 over the entire lifetime, for geno-

types AA and Aa; and .004 by age 40 years, .028 by
age 55 years, and .081 over the entire lifetime, for
genotype aa. The relative probabilities RX reflect esti-
mates from incidence risks for unaffected individuals,
as recommended above.
As expected, RX and RX are equal for the lowest-age

class but diverge at higher-age classes. R' is twice R
for the interval 40-55 years and is more than threefold
larger for ages above 55 years. For affected individu-
als, estimating risk from the cumulative risk I(y,x)
rather than from the risk i(y,x) leads to underestima-
tion of the probability of being a sporadic case, in the
older-age intervals.

Table I

Risk of Breast Cancer, Given Genotype at a Susceptibility Locus, and
Relative Probability R of Sporadic versus Inherited Breast Cancer,
for Affected Women

RISK DEFINED BY CUMULATIVE RISK DEFINED BY DENSITY

AGE INCIDENCE I(y, x) FUNCTION i(y, x)
(years) y = AAorAa y = aa Rx y = AA or Aa y = aa

15-39 ...... .37 .004 .53 .37 .004 .53
40-54 ...... .66 .028 2.08 .29 .024 4.06
>55 ...... .82 .081 4.84 .16 .053 16.23
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Lod scores for linkage of breast cancer to D17S74
calculated at two 0's by using the present model are

indicated in table 2, with the previously published re-

sults shown for comparison. There are two striking
differences. First, the maximum lod score, 3.52 at 0

= .12, is significant for the sample of families as a

whole. Second, evidence for heterogeneity disap-
pears: Xl = 1.63 for the admixture test; Xl = 1.31
for the B-test, and X2 = 2.34 for a predivided-sample
test, when families 1-7 are compared with families 8-
23.

Families in which breast cancer appears in both
women and men (families 16 and 19) have substan-
tially negative lod scores under both models. If these
families are compared with families that have only
affected women, heterogeneity is significant on the ba-
sis of the predivided-sample test: X2 = 5.16, P < .05.
When the two families with male breast cancer are

excluded, the maximum lod score for the remaining
21 families is 4.64 at 0 = .08 from D17S74.

Discussion

The a priori probability that an affected woman

from the general population will be a sporadic case

was underestimated in the oldest-age intervals in the
previous analysis of these families. Consequently, the
a posteriori probability, given the family history of a

late-onset case being sporadic, was underestimated as

well, although to a lesser extent. Sporadic cases have
probability .5 of recombining with a marker. Hence,
if sporadic cases were misclassified as inherited cases,

then apparent recombination events would lead to
very negative lod scores and apparent heterogeneity.
When older-onset cases were given a higher probabil-
ity of being sporadic, then lod scores for families with
late-onset disease were close to zero and evidence for
heterogeneity was reduced.
Lod scores are still higher for families with early-

onset disease than for families with late-onset disease,
probably because ofthe differential informativeness of
families. In families with early-onset disease, affected

Table 2

Lod Scores from Linkage Analysis of 23 Breast Cancer Famlies with D17S74 at
Two 0's

LOD SCORE IN

Average Age at Diagnosisa Hall et al. (1990); Present Study
Family (years) 0 = .001 0 = .001 Omax = .12

1 ....... 32.7 2.36 2.25 1.69
2 ....... 37.2 .50 .75 .50
3 ....... 37.3 .40 .43 .29

4 .39.8 1.14 1.36 1.03
5 42.6 -.50 -.68 -.14
6 44.2 1.38 1.22 .85
7 .... .. 45.4 .70 .90 .65
8 47.0 .00 -.08 -.03
9 ................ 47.4 - .31 - .07 .16
10 47.6 -.04 -.03 -.03
11 49.3 - 1.51 -.71 -.22
12 50.2 -.06 -.21 -.10
13 50.4 -.41 -.43 .00
14 51.4 -.65 .05 .15
15 51.8 -.35 -.36 -.02
16 52.0 - 2.71 -1.97 -.38
17 53.5 -.13 .12 .14
18 53.6 -.75 -.19 -.07
19 55.8 - 2.56 - 1.90 -.59
20 56.4 -1.71 -.98 -.71
21 58.7 .65 .41 .27
22 59.4 -.85 -.06 .06
23 63.3 -.07 .03 .02
Total.......... - 5.48 -.15 3.52

a Of breast cancer in the family.
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individuals have a high probability of being inherited
cases, so linkage is informative. In contrast, families
with older mean age at diagnosis may include several
cases with a nonnegligible probability of being spo-
radic, so there is little linkage information. Thus, lod
scores for older-onset families are close to zero. The
consistently negative lod scores for families with
affected men, as well as the significant heterogeneity
between these families and the other families, suggest
that familial male breast cancer probably has another
etiology.

Linkage heterogeneity for inherited breast cancer is
not excluded, but it may not be related to age at disease
onset. In particular, the breast cancer gene on chromo-
some 17q21 may influence both early- and late-onset
disease. The locale for the breast cancer gene sug-
gested by this reanalysis of the original data is closer to
the critical region revealed by direct mapping studies
(Hall et al. 1992). This analysis also shows that liabil-
ity classes should be defined differently for affected
relatives than for unaffected relatives. More generally,
as has been discussed elsewhere (Bishop et al. 1988;
Narod and Amos 1990; Skolnick et al. 1990; Claus et
al. 1991; Iselius et al. 1991), linkage analysis is sensi-
tive to the specification of liability classes, particularly
for diseases with a high frequency of sporadic cases.
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